The regional interrelationship between cere bral oxygen consumption (CMROz) and cerebral glucose utilization (CMRGlc) was studied in normal subjects using positron emission tomography (PET) and the 150 steady-state inhalation and the [18Flfluoro deoxyglucose method. The use of standard sets of rate constants and the model lumped constant of 0.52 as well as the regional blood-brain partition coefficient for water and the blood volume correction for oxygen extraction fraction pro vided a CMROz/CMRGlc ratio of 4.89 in the cortical gray matter, 5.27 in the basal ganglia and 5.82 in the centrum
Summary:
The regional interrelationship between cere bral oxygen consumption (CMROz) and cerebral glucose utilization (CMRGlc) was studied in normal subjects using positron emission tomography (PET) and the 150 steady-state inhalation and the [18Flfluoro deoxyglucose method. The use of standard sets of rate constants and the model lumped constant of 0.52 as well as the regional blood-brain partition coefficient for water and the blood volume correction for oxygen extraction fraction pro vided a CMROz/CMRGlc ratio of 4.89 in the cortical gray matter, 5.27 in the basal ganglia and 5.82 in the centrum The brain derives its energy from the oxidation of glucose in the normal state in vivo. In humans as well as various experimental animals, a positive ar teriovenous difference (arterial minus venous con centration of substrate) of glucose and oxygen and a negative difference of carbon dioxide is generally found (Siesjo, 1978) . Cerebral glucose uptake is tightly coupled with oxygen consumption in ox ygen-rich cerebral tissue. Therefore, changes in the ratio of the cerebral metabolic rate of oxygen to that of glucose might imply some metabolic failure of energy production in the brain.
By measuring cerebral blood flow (CBF) based on the Kety-Schmidt method (1948a) and the arte riovenous difference of glucose and oxygen, the semiovale (white matter). The values of CMROz/ CMRGlc for the basal ganglia and the white matter were consistent with those reported for the whole brain with the Kety-Schmidt method. There was no significant dif ference in the CMROz/CMRGlc between the basal ganglia and the white matter indicating the similar nature of in vivo oxidative metabolism of glucose in neuron-rich region and glial cell-rich region. Key Words: Positron emission tomography-Cerebral oxygen consumption Cerebral glucose utilization-Cerebral metabolic ratio. ratio of cerebral oxygen consumption (CMR02) to cerebral glucose utilization (CMRG\c) was obtained in well and diseased humans (Kety et al., 1948b; Gottstein et al., 1963) . Using positron emission to mography (PET), regional CBF and CMR02 can be measured with 150 inhalation (Frackowiak et al., 1980) . Local CMRGlc is estimated with PET and 2-deoxy-2-[18F]fluoro-D-glucose (18FDG) (Reivich et aI., 1979; Phelps et aI., 1979b) . When the 150 in halation technique is combined with the 18FDG method, regional changes of the metabolic ratio of oxygen to glucose in various pathological condi tions can be evaluated (Baron et aI., 1982; Rhodes et ai., 1983; Wise et aI., 1983; Hatazawa et ai., 1985) .
Although the values of the oxygen/glucose utili zation ratio for well volunteers using PET have been reported by some groups, these values were lower than those obtained by the Kety-Schmidt method (Baron et aI., 1984; Hatazawa et ai., 1985; Sasaki et aI., 1986) . In the present study, we mea sured the regional cerebral metabolic ratio of ox-ygen to glucose using PET and 150 steady-state in halation combined with the 18FDG method in well controls. The metabolic ratios (CMR02/CMRGlc) obtained for cortical gray matter, basal ganglia, and white matter were compared with the reported value for a whole brain by the Kety-Schmidt method.
MATERIALS AND METHODS
Seven normal controls were studied at the Cyclotron and Radioisotope Center, To hoku University, between September 1983 and March 1987. There were four men and three women, with a mean age of 62 (range, 52-71) . The diagnosis of CNS normality was based on clinical examination and psychological testing as well as com puted tomography. During the PET study, the physiolog ical factors were measured, as summarized in Ta ble 1. The subjects' informed consent was obtained before the study.
The subjects were scanned with the single-plane ECAT II using a medium-resolution shadow shield to give a res olution of 15 mm in the tomographic plane and an axial resolution of 18 mm (full width at half maximum). A cross of light was projected onto marks on the subjects' heads from three dimensions. Before scanning, a short 21-gauge cannula was inserted to a brachial or radial artery for ar terial blood sampling. All the procedures were performed in the semidarkened room. The subjects' eyes were closed.
Cerebral blood flow was measured at 30, 50, and 70 mm above and parallel to the orbitomeatal (OM) line by having the subjects inhale 150-labeled carbon dioxide (CI502) 10-15 mCi/min; the oxygen extraction fraction (OEF) was measured by having the subjects inhale 150_ labeled molecular oxygen (1502) 15-20 mCi/min contin uously. Both CI502 and 1502 were transported to the pa tients' face masks via a radioactive gas supply system (Hoxan Co., Sapporo, and Anzai Sogyo Co., Tokyo). Ar terial blood samplings were performed at least twice, usually three times, in each scanning. The radioactivity of whole blood and plasma was measured using a well counter cross-calibrated with the PET scanner. The arte rial partial pressure of oxygen and carbon dioxide and the hemoglobin concentration (g/100 ml) were estimated. Re gional CBF, OEF, and CMR02 were calculated ac- Frackowiak et al. (1980) . The partition coeffi cient of water (ml blood/g brain) in the model employed was 0.99 for cerebral cortex, 0.95 for basal ganglia, and 0.83 for centrum semiovale (Herscovitch and Raichle, 1985) . In the present protocol, the measurement of cere bral blood volume (CBV) was not included. To correct the known inaccuracy of OEF, the mean value of CBV mea sured with IICO (Phelps et aI., 1979a) in eight age matched normal controls in our center-4.1 mIl100 g for cortex, 3.0 mIl 100 g for basal ganglia, and 2.0 ml/100 g for centrum semiovale-was applied to each patient. In the CBV measurement, IICO was administrated until a count rate of 2, 500 cps in the tomographic plane of OM + 50 mm was reached. The supply of IICO was then stopped, and after an equilibrium period of 5 min, the scanning was performed at OM + 30, + 50, and + 70 mm. To cor rect the difference between cerebral and large vessel he matocrits, the value of 0.85 was employed. CBV was ex pressed per unit weight of cerebral tissue by applying the density of the tissue (Phelps et aI., 1979a) .
After the decay of 150 distribution in the brain and blood, up to 5 mCi of 18FDG was administrated to each subject i. v. Repeated scanning at 50 mm above and par allel to the OM started at the beginning of 18FDG admin istration. Ten sequential images with 5-min data acquisi tion were obtained at this level. After the sequential scanning, the additional images at OM + 30 and + 70 mm were obtained. During the scanning, arterial blood sam plings were taken at 0.33,0.67,1,1.5,2,2.5, 3,4,5,7.5, 10, 15,20,30,40,50 , and 60 min after the i.v. administra tion of 18FDG and at the end of the scanning. These blood samples were centrifuged, and the arterial plasma radio activity of 18FDG was measured with the cross-calibrated well counter. The arterial plasma glucose concentration of samples taken every 10 min was estimated. CMRGlc was calculated based on the Sokoloff model (Sokoloff et aI., 1977; Brooks, 1982) , using the kinetic rate constants of FDG for gray and white matter determined by Phelps et al. (l979b) and a lumped constant (LC) of 0.52 mea sured by Reivich et al. (1985) in normal volunteers. Be fore the emission scanning, a transmission scan using a 68Ge_68Ga external ring source was performed. The emis sion data were corrected for attenuation using transmis sion data.
Regional measurements were made by reading the nu merical computer printout of the functional data calcu lated with appropriate model parameters. Using 18FDG images, square regions of interest were put on frontal (two regions of interest in OM + 30 mm, two in + 50 mm, and one in + 70 mm for each hemisphere), temporal (one region of interest in OM + 30 mm and two in + 50 mm), occipital (one region of interest in OM + 50 mm) and parietal cortex (one region of interest in OM + 70 mm), basal ganglia (one region of interest in OM + 30 and one in + 50 mm), and centrum semiovale (one region of interest in OM + 70 mm). The sizes of the region of in terests were 2.7 cm 2 for cortical gray matter and basal ganglia in OM + 30 mm and 5.4 cm 2 for centrum semio vale and basal ganglia in OM + 50 mm. Using the same region of interests, regional CBF and CMR02 values were obtained. The mean values of 18 regions of interest in various cortical areas (nine for each hemisphere), the mean values of right and left basal ganglia, and the mean values of right and left centrum semiovale were calcu lated in each subject. In subjects 194 and 312, the cross sectional images of 70 mm above the OM included lateral ventricles and some centrum semiovale. The analysis for centrum semiovale in these cases was not performed.
RESULTS
Ta ble 2 provides the values of CBF, CMR02, CMRGlc, and the cerebral metabolic ratio (CMR02/CMRGlc) in molecular units for cortical gray matter, basal ganglia, and centrum semiovale (white matter). There were no significant differences in the CMR02/CMRGIc ratios between basal ganglia and white matter. The cortical value of the CMR02/CMRGlc was significantly lower than that of white matter (p < 0.05). Assuming that gray matter has a four-times-higher metabolic rate than white matter and that the gray-white matter volume ratio is 50:50 for whole brain, we obtained a whole brain CMR02/CMRGlc ratio of 5.08 using the CMROiCMRGlc value for cortical gray matter and for centrum semiovale and a ratio of 5.38 using the CMR02/CMRGlc value for basal ganglia and for centrum semiovale. Figure 1 is the PET images of CBF, CMR02, and CMRGlc obtained at OM + 30, + 50, and + 70 mm for the one of the well volunteers subject (2 10, a 57-year-old woman). CBF images were reconstructed using the partition coefficient of 0.99 mllg. CMRGlc images were reconstructed with the standard set of rate constants for gray matter.
DISCUSSION
The cerebral metabolic ratio (CMR02/CMRGlc) has been intensively studied with the Kety-Schmidt method for a whole brain. When one molecular glu cose is completely oxidized and the glucose is the sole substrate for oxidative metabolism, the ex pected oxygen consumption should be 6 mol, and carbon dioxide and water might be the end product. In normal resting human brain, the CMR021 CMRGlc measured for a whole brain was around 5.5 in molecular units, indicating that almost 90% of glucose is oxidized and that some alternative glu cose metabolism might exist (Kety, 1957; Gottstein et aI., 1963; Scheinberg et aI., 1965; Cohen et aI., 1967) .
U sing PET, the regional CMR02/CMRGlc ratio was measured by some groups. Rhodes et ai. (1983) demonstrated uncoupling between glucose and ox ygen metabolism in human brain tumors. Wise et ai. (1983) and Baron et ai. (1982 Baron et ai. ( , 1984 documented local alteration of oxidative metabolism of glucose (Sokoloff et at., 1977; Phelps et at., 1979b; Huang et aI., 1980; Brooks, 1982; Rhodes et aI., 1983; Hutchins et at., 1984; Wienhard et aI., 1985) , the rate constants (Phelps et aI., 1979b; Huang et aI., 1980; Heiss et aI., 1984; Reivich et at., 1985; Sasaki et al., 1986) for normal volunteers, and the lumped constant (Phelps et aI., 1979b; Reivich et aI., 1985; Lammertsma et al., 1987) in the FDG model and the partition coefficient for water in the CBF mea surement (Frackowiak et aI., 1980; Herscovitch and Raichle, 1985) .
In the present study, we calculated CMRGlc using the operational equation described by Brooks (1982) and the standard set of the rate constants for gray and white matter for normal volunteers mea sured by Phelps et at. (1979b) . There were several sets of rate constants obtained, including the rate constant for the dephosphorylation of FDG-6-phos (four-parameter model) or assuming the de phosphorylation rate to be 0 (three-parameter model). When CMRGlc in the present study was recalculated with the rate constants for the three parameter model (Reivich et al., 1985) , the values increased 3.1 ± 1. 1 % in the cortex and 7.7 ± 1.5% in the white matter compared with those obtained using the rate constants for the four-parameter model. Instead of using the standard set of the rate constants, the regional rate constants can be mea sured in each subject when the history of 18F radio activity in the tissue is followed with the sequential scanning. This approach provides the most accu rate measurement of CMRGlc by taking the poten-tial deviation of individual and regional rate con stants, even in normal volunteers, into account. However, the fixed standard set of rate constants employed in the present study was expected to pro duce only small errors in the normal subjects (Huang et aI., 1980 (Huang et aI., , 1981 . Phelps et ai. (l979b) determined the model LC of 0.42 by taking the ratio of CMRGIc calculated with the lumped constant set equal to unity to the average CMRGlc measured with the Kety-Schmidt method. On the other hand, Reivich et ai. (1985) directly determined the LC, assuming the dephos phorylation rate to be negligible, by a model-inde pendent steady-state technique using arterial and jugular bulb measurements of glucose and FDG concentration in normal volunteers. The measured value of 0.52 was validated independently using PET-FDG data (Brooks et aI., 1987) . Although the use of the four rate constants and the LC of 0.52 obtained by specifically assuming k4 to be 0 results in some inconsistency in the present analytical method, we avoided employing the LC of 0.42 de termined in relation to the CMRGlc value with the Kety-Schmidt method because independent estima tion of the CMR02/CMRGlc value with PET was one of the main purposes of the present study.
In the 150 steady-state inhalation to determine CBF, OEF, and CMR02, the blood-brain partition coefficient for water might affect CBF and, accord ingly, CMR02. Regional CBF is usually calculated using the mean partition coefficient for gray and white matter. As pointed out by others (Hersco vitch and Raichle, 1985) , the partition coefficient is different among brain structures depending on the water content. In the present study, CBF was ob tained using the partition coefficient (ml/g) of 0.99 for cortical gray matter and 0.83 for centrum semi ovale. The partition coefficient of 0.95 was em ployed for basal ganglia. By using these partition coefficients, CBF and then CMR02 increased 1% in the cortex, 8% in the basal ganglia, and 17% in the white matter compared with values obtained with the mean partition coefficient of 1.0.
It is well known that intravascular radioactivity disturbs the accurate estimation of both CMR02 and CMRGIc due to the following: (a) the systemic overestimation of OEF (Lammertsma et aI., 1983) ; (b) the error for regional determination of rate con stants with dynamic scanning (Hawkins et aI., 1986) and (c) the overestimation of the 18FDG con centration in the cerebral tissue in a single scanning (Phelps et aI., 1979b) .
Since the present subjects did not have the CBV measurement, we applied a mean CBV value of 4.1 mlllOO g for cortex, 3.0 mlllOO g for basal ganglia, and 2.0 ml/lOO g for white matter to correct the overestimation of OEE Use of a large and square region of interest (2.7 cm2) resulted in the lower CBV values than those previously reported (Phelps et aI., 1979a) . Even if 30% overestimation or 30% underestimation of the CBV occurred, 3.2% under estimation and 2.9% overestimation of OEF was in duced in the cortex (the mean CBF was 44.2 mlllOO g and the mean uncorrected OEF was 0.45 in the present study). The magnitude of the error in the white matter was almost the same as in the gray matter.
In the dynamic PET-FDG studies, the fraction of 18F radioactivity in the cerebral vascular compo nent is very high after the i. v. administration of the tracer. Without considering this contribution, sig nificant errors in the estimation of the model rate constants would be anticipated. The standard set of rate constants employed in the present study was obtained without the correction for this error. How ever, Hawkins et ai. (1986) , using the five-param eter FDG model including the CBV component, showed that CMRGlc calculated using the CBV un corrected rate constants is only 2-3% higher than that obtained with the CBV corrected rate con stants in the cortex where the CBV is around 4 ml/l00 g. Intravascular radioactivity of 18F also contributes to the CMRGlc values measured in a single scanning. Tissue plasma and total blood 18FDG in the cerebral tissue decreased to less than 2% of total tissue radioactivity at the time of imaging (Phelps et aI., 1979b) .
The mean CMR02/CMRGlc values of 5.82 for centrum semiovale and 5.27 for basal ganglia ob tained in the present study were in close agreement with the Kety-Schmidt value. However, the CMR02/CMRGIc of 4.89 for cortical gray matter was almost 10% lower than the Kety-Schmidt value. We consider that this difference was induced by the inaccuracy of the PET measurement rather than being of physiological significance. Low spa tial resolution in the present PET scanner inevi tably disturbs the accurate estimation of 18FDG and H2150 concentration in heterogeneous regions. If radioactivity in the tissue linearly correlates with physiological parameters, inaccuracy induced by partial volume effect might be canceled by taking the ratio of two images. However, Lammertsma et ai. (1981) predicted a maximum 18% underestima tion of flow in a 50:50 gray-white matter region of interest considering the effect of only flow hetero geneity. Herscovitch and Raichle (1983) reported the same or higher magnitude of flow underestima tion when the partition coefficient for water was taken into account. In contrast, the tissue heteroge-neity might not be a serious error source for the CMRGlc determination. In the Brook's equation, the 18PDG concentration in the tissue linearly cor related with CMRGlc. Therefore, the mean CMRGlc obtained from the mean 18PDG concen tration of gray and white matter might be close to the mean of CMRGlc for gray and white matter. A low CMROz/CMRGlc value in the cortical region might be induced by the heterogeneity problem to some extent.
The CMROz/CMRGlc values for a whole brain in the present study were also consistent with the values measured with the Kety-Schmidt technique (Gottstein et aI., 1963; Cohen et aI., 1967) . Dastur et aI. (1963 Dastur et aI. ( , 1985 reported the age dependency of the CMROz/CMRGlc ratio. In their study, the CMROz/CMRGlc in 15 normal young men (mean age, 20.8) was 4.7; that in 26 normal elderly men (mean age, 71.0) was 5.8. The present subject popu lation consisted of individuals between 52 and 71 (mean age, 62). The age range in the present study was close to that of the "normal elderly men" of Dastur's work.
Whether the regional differences in the CMROzl CMRGlc ratio exist or not is the question the PET study should answer. There was no significant dif ference in the CMROz/CMRGlc values between the white matter (centrum semiovale) and the gray matter in the basal ganglia. This result would imply that the glial cell-rich region (centrum semiovale) and the neuron-rich-region (basal ganglia) have a similar sort of oxidative metabolism of glucose III vivo.
